Introduction
The active layer of a polymer solar cell typically consists of a blend of an electron-donating conjugated polymer and an electron-accepting fullerene derivative. For many systems the impact of the morphology of the active layer on the solar cell performance has been demonstrated. [1] [2] [3] [4] [5] Polymer blend systems that display laterally phase separated domains have been studied extensively by a variety of microscopy techniques.
6-17 A common way of varying and controlling the morphology of a donor/acceptor system is through the choice of processing solvents and the use of solvent additives during lm formation. 1, 6, [14] [15] [16] [17] [18] This change in morphology is oen accompanied by improved performance. As reviewed by Liao et al., 16 the effect of additives on the lm morphology and device performance depends strongly on the material system in use.
Besides lateral structure, vertical phase separation has been observed for several systems. Surface enrichment of polymer at the free surface in polymer:fullerene blend lms has previously been observed by dynamic secondary ion mass spectrometry (d-SIMS), [19] [20] [21] near-edge X-ray absorption ne structure (NEXAFS) spectroscopy, [21] [22] [23] ultraviolet photoelectron spectroscopy, 24 X-ray photoelectron spectroscopy, 25 ellipsometry 26, 27 and high kinetic energy X-ray photoelectron spectroscopy. 28 These studies were mainly focused on poly[(9,9-dioctyluorenyl-2,7-diyl)-co-5,5-(4 0 ,7 0 -di-2-thienyl-2 0 ,1 0 ,3 0 -benzothiadiazole)] (APFO-3) and poly(3-hexylthiophene) (P3HT) respectively, blended with [6, 6] phenyl-C 61 -butyric acid methyl ester (PC 60 BM).
Poly[2,3-bis-(3-octyloxyphenyl)quinoxaline-5,8-diyl-alt-thiophene-2,5-diyl] (TQ1) is an easily synthesized polymer 29 that, mixed with the fullerene derivative [6, 6 ]-phenyl C 71 -butyric acid methyl ester (PC 70 BM), has demonstrated a solar cell power conversion efficiency (PCE) of 7%. 30 For TQ1:PC 70 BM solar cells, spincoated from a single solvent, ortho-dichlorobenzene (oDCB) has so far given the highest PCE. 29, 30 The addition of small amounts of the high boiling point 1-chloronaphthalene (CN), signicantly improved the device performance, assigned by Kim et al. to the smoother lateral morphology of the lms. 30 Here we study how the use of different solvents affects the lateral and vertical structure of spincoated thin lms of TQ1:PC 70 BM blends. We extend the previously reported studies on lateral morphology by using a set of tools to probe the chemical composition distribution vertically through the lm (d-SIMS and variable-angle spectroscopic ellipsometry (VASE)), laterally (atomic force microscopy (AFM) and scanning transmission X-ray microscopy (STXM)) as well as at the surface (NEXAFS). To evaluate the effect of the morphological differences on the device performance, solar cells processed from different solvents with and without additives were prepared and characterized.
Experimental section

Materials
The molecular structure of TQ1 and PC 70 BM are shown in Fig. 1b . The synthesis of TQ1 is described elsewhere. 29 The number average and weight average molecular weights, determined by size exclusion chromatography relative to polystyrene standards, were M n ¼ 34 kg mol À1 and M w ¼ 91 kg mol À1 for all samples except for the STXM samples where they were M n ¼ 70 kg mol À1 and M w ¼ 265 kg mol À1 . The molecular weight differences in this range do not affect the overall trends in morphology. Small variations in lm thickness due to the molecular weight differences were compensated by adjusting the solution concentrations. The mass density of TQ1 is estimated to be 1 g cm À3 .
PC 70 BM (purity > 99%) was purchased from Solenne BV (The Netherlands). For PC 60 Chloroform and chlorobenzene (both analytical grade) were purchased from Merck KGaA, ortho-dichlorobenzene (analytical grade) and 1-chloronapthalene (technical grade) were purchased from Sigma-Aldrich Corporation. All chemicals were used as received.
For the morphological characterizations, substrates were cut from silicon wafers (n-type, (001) orientation and resistivity 0.001-0.003 U cm) and cleaned using the standard RCAmethod, [34] [35] [36] without the nal HF-etching step in order to leave the surface hydrophilic.
For solar cells, patterned ITO-coated glass substrates from Kintec Company, China, with a 200 nm thick ITO layer with sheet resistivity 10 U sq À1 were used, which were cleaned in Fig. 1 (a) d-SIMS depth profiles for TQ1:PC 70 BM 1 : 3 w/w films spincoated on silicon substrates from CB, CB + 2% CN, oDCB and oDCB + 2% CN. PS refers to the polystyrene sacrificial layer. The vertical dashed lines mark the top and bottom of the active layer; the top of the active layer is drawn where the intensity of the S À signal (green) has reached 50% of the maximum intensity value of the first peak whereas the bottom of the active layer is drawn where the C 2 À signal has dropped to 50% of its saturation intensity inside the active layer. isopropanol in an ultrasonic bath for 60 min and subsequently UV-ozone treated for 20 minutes.
Sample preparation
The d-SIMS and ellipsometry samples were prepared on Si without additional PEDOT:PSS interlayers in order to facilitate the identication of the interface between the active layer and the substrate. On all other substrates, a 50 nm PEDOT:PSS layer was spincoated aer ltering through a 0.45 nm nylon lter. For AFM, NEXAFS and solar cell devices the PEDOT:PSS covered substrates were annealed at 120 C for 20 minutes in a vacuum oven ($10 À1 mbar).
Blend solutions of TQ1:PC 70 BM in a 1 : 3 weight/weight ratio were prepared in chlorobenzene (CB), and ortho-dichlorobenzene (oDCB) respectively, with and without the addition of 2% (vol) 1-chloronaphthalene (CN) and in chloroform (CF). The active layer was deposited by spincoating in a protected N 2 atmosphere (<0.1 ppm O 2 , <0.1 ppm H 2 O) inside a glove box (M. Braun Inertgas-Systeme GmbH). Solution concentrations and spin speeds were chosen with the intention of achieving similar lm thicknesses in all samples.
The lm thicknesses of the active layers were measured by scanning across a scratch in the lm with the tip of an AFM (Nanoscope IIIa Multimode, Veeco Metrology group) in tapping mode using a Si tip. The blend lm thicknesses were 90 AE 10 nm, except for the lm for ellipsometry that was 110 nm and the lm from CF that was 140 AE 20 nm. Achieving a uniform thickness in lms from CF was not possible due to the formation of striations.
For the SIMS depth proling, a 50-100 nm thick sacricial layer of polystyrene (PS) was deposited on top of the TQ1:PC 70 BM lms by liing off the PS lm from an auxiliary glass substrate onto a water surface and oating it onto the active layer surface. This enables stable sputtering conditions before the TQ1:PC 70 BM layer is reached and a more accurate analysis of the topmost surface region.
The lms for STXM were lied off their PEDOT:PSS coated Si substrates and oated onto a copper TEM grid (300 mesh).
For the solar cells, aer spincoating the active layer, the samples were transferred to the vacuum chamber of the thermal evaporator (Univex 350 G, Oerlikon Leybold Vacuum GmbH) integrated within the glove box before 0.3 nm LiF and 100 nm Al was deposited with a deposition rate of 0.5Å s À1 (LiF) and 1Å s À1 (Al) at 10 À6 mbar.
Characterization
The d-SIMS depth proles (5 nm depth resolution) were obtained using a TOF-SIMS 5 system (ION-TOF GmbH, Münster, Germany) equipped with a 30 keV liquid metal ion gun and a Time-of-Flight mass spectrometer. A 0.5 keV beam of Cs + ions was used to remove material by sputtering a 300 mm Â 300 mm region while a 30 keV pulsed beam of Bi 3 + ions was used to analyze the composition of the central 100 mm Â 100 mm area in that region. Secondary ions with mass to charge ratios of 24, 26, 28 and 32, corresponding to C 2 À , CN À , Si À and S À respectively, were collected. The C 2 À ions monitor the total carbon content in the lm, the Si À ions show when the substrate is reached, while the S À and CN À ions act as labels for the TQ1 since sulfur and nitrogen are present in TQ1 but not in PC 70 BM. VASE was carried out with a RC2 instrument from J. A. Woollam Co., Inc. (USA). The incidence angle was scanned from 45 degrees to 75 degrees in steps of 10 degrees, and the photon energy varied from 0.74 eV to 5.06 eV. Modeling of the blend lms was performed using the Winelli II soware package. The optical properties of the pure materials (taken from literature 37 ) were mixed through the effective medium approximation and the lm was mathematically divided into a discrete number of sublayers. The lm thickness and volume fraction of each sublayer were tted.
NEXAFS spectra were recorded at beamline D1011 of the MAX-IV National Laboratory for Synchrotron Radiation in Lund, Sweden. All NEXAFS spectra were collected near the C1s absorption edge in the photon energy range 276-327 eV at 55 incidence angle with respect to the sample surface. Total electron yield (TEY) spectra were obtained by measuring the sample drain current and partial electron yield (PEY) spectra were collected by a multichannel plate detector with a À150 V retarding voltage applied to the entrance grid. TEY and PEY give different sampling depths, with TEY probing down to 5-10 nm (ref. 38 and 39) and PEY 2-3 nm (ref. 40 and 41) below the surface. Reference spectra were recorded both in TEY and PEY mode of a gold coated mica sample (Georg Albert, PVDBeschichtungen) that had been cleaned in situ by sputtering with argon. All NEXAFS spectra were divided by their corresponding gold spectrum and normalized in the high photon energy region.
38,42 The photon energy scale was calibrated by measuring the spectrum of highly ordered pyrolytic graphite (HOPG) and using the position of the exciton resonance at 291.65 eV as an energy reference.
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The surface composition was obtained from the NEXAFS spectra by nding the linear combination of the pure components' spectra that best matched the spectrum of the blend. The coefficients in that linear combination then give the volume ratio of the components. 44 This assumes that the pure components do not react in the blend forming new components, that the electron scattering length is similar in both components, and that possible surface degradation is similar in the blend lms compared to the lms of the pure components. No degradation of the sample due to exposure to the X-ray beam was observed during the NEXAFS measurements. To compensate for a small dri in photon energy (<0.15 eV) that was caused by the monochromator, the spectra of the pure components were each shied additionally in steps of 5 meV, AE30 steps, with respect to the blend spectrum until the residual was as small as possible. The uncertainties in composition are estimated based on the size of the residuals, calculated as the relative area of the absolute value of the residual curve (see ESI †) to the blend spectrum.
Contact angles were measured on lms of pristine TQ1 and PC 70 BM using an FTA 200 contact angle equipment (First Ten Angstroms, USA). The surface energy was calculated from the contact angles between the lm and deionized water using the relation by Li and Neumann.
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The topography of the samples was examined by AFM in tapping mode using a Si tip.
The STXM measurements were performed on beamline 5.3.2.2 at the Advanced Light Source in Berkeley, USA 47 in a helium atmosphere at 0.33 atm. The sample was raster scanned with respect to the X-ray beam and the transmitted X-rays were detected by a scintillator and a photomultiplier tube. The photon energies 284.3 eV for PC 70 BM and 287.3 eV for TQ1 were used for the image scans.
The current-voltage characteristics of the solar cells were measured using a Keithley 2636A Dual-channel SourceMeter, in a sealed cell with N 2 atmosphere under AM 1.5 illumination (Sol2A, model 94022A, from Oriel Instruments, USA) through a 2 mm thick poly(methyl methacrylate) (PMMA) sheet. No spectral correction was made for any UV light absorption by the PMMA. When extracting the photovoltaic parameters, the data points were interpolated using a cubic spline. The series resistance was obtained by tting the higher voltage part of the forward dark curve to the modied Shockley equation:
where V is the applied voltage, n the ideality factor, k B Boltzmann's constant, T the absolute temperature, e the electron charge, j the current density, j 0 the reverse bias saturation current density and R s the series resistance, with n, j 0 and R S being the tting parameters. signals near the interface with the PS compared to the rest of the active layer. In the lm prepared from CB these TQ1 related signals decrease from the maximum intensity at the interface with PS all the way down to the Si substrate, while in the lms prepared from oDCB the TQ1 related proles go through a minimum at around 20 nm depth. The addition of 2% CN, regardless of being added to CB or oDCB, gives very similar depth proles for m/q ¼ 26 (CN À ) and 32 (S À ) in the active layer with a maximum signal intensity near the interface with PS, a minimum at around 20 nm, followed by a slightly increasing prole until the Si interface is reached. The depth prole was also determined independently by VASE. Fig. 1c shows the deduced prole in terms of the polymer volume fraction on a TQ1:PC 70 BM lm spincoated from oDCB onto a silicon wafer, conrming the enrichment of polymer next to both interfaces while the fullerene accumulates in the middle of the lm. We found that no further tting improvement could be obtained when including more than four sublayers, which suggests a depth resolution of around 20 nm in this experiment.
Results
NEXAFS spectra at the C1s edge show X-ray absorption resonances corresponding to transitions from the C1s ground state to molecular empty states, and are therefore used as molecular ngerprints. In Fig. 2 , C1s NEXAFS spectra recorded in TEY and PEY mode of pristine TQ1 and pristine PC 70 BM spincoated from CB are shown. As can be seen in the gure, the TQ1 and PC 70 BM NEXAFS spectra are quite different, making it possible to compare a blend spectrum to those of the pristine components in order to calculate the chemical composition. These pristine spectra are independent of the solvent, lms spincoated from oDCB have identical spectra (not shown). The PEY spectra look similar to the spectra recorded in TEY, apart from differences in relative peak intensities. Many of the main resonances of TQ1 overlap, or partly overlap with those of PC 70 BM, except for the PC 70 BM C1s / p* resonance at 284.3 eV that is well separated from any TQ1 resonances. The PC 70 BM NEXAFS spectrum is similar to what has previously been reported.
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Fig . 3 shows C1s NEXAFS spectra, both PEY and TEY, of TQ1:PC 70 BM blend lms spincoated from CB, CB + 2% CN, oDCB and oDCB + 2% CN. The PEY blend spectra look similar to those of pristine TQ1, except for a shoulder at 284.3 eV from PC 70 BM, which is most pronounced in the lm prepared from CB. The TEY blend spectra show, instead of a shoulder, a distinct peak at 284.3 eV, again with the highest intensity in the lm prepared from CB. Comparing the 284.3 eV peak intensity between the PEY and the TEY spectra, the intensity is larger in TEY than in PEY for all the solvents.
The mass fractions of TQ1, found by tting the blend spectra to those of the pristine components, are summarized in Table 1 . All the TQ1:PC 70 BM blends, regardless of solvent, show polymer enriched surfaces with respect to the bulk composition (1 : 3 w/w). The enrichment is strongest for the blend lms made with added CN, and the composition is very similar for CB + 2% CN and oDCB + 2% CN. The PEY spectra, corresponding to regions closer to the surface all show a higher intensity of the C1s / p* resonance at 284.3 eV than the TEY spectra corresponding to the subsurface.
The surface energies of pristine TQ1 and PC 70 BM were determined from contact angle measurements. The surface energy of TQ1 was found to be 29 mJ m À2 and for PC 70 BM 39 mJ m À2 .
AFM height images, measured in tapping mode, of TQ1:PC 70 BM blend lms spincoated from different solvents are shown in Fig. 4 . Domains in the shape of islands are clearly visible in lms prepared from CB and oDCB solutions. The size of the domains is strongly dependent on the spincoating solvent, with CB giving typical domains of 200-400 nm diameter and oDCB 50-100 nm diameter. With the addition of 2% CN, both to CB and to oDCB, this lateral domain structure is no longer visible, and the lms are smoother compared to when no CN was added. Root mean square (RMS) roughness values are a Uncertainties in composition, based on the size of the residuals, are within AE1%. 6.6 nm (CB), 1.3 nm (oDCB), 0.45 nm (CB + 2% CN), 0.47 nm (oDCB + 2% CN). A new ne structure is apparent in the lms prepared with additives. Fig. 5 shows AFM images along with compositional maps for TQ1 and PC 70 BM of TQ1:PC 70 BM blend lms spincoated from CF, CB and oDCB. Light colours in the STXM images correspond to high concentrations. The islands observed by AFM correspond to the compositional domains observed in the STXM maps, with similar domain sizes. The STXM maps reveal the bulk morphology, conrming that the protruding islands are PC 70 BM-rich whereas the surrounding phase is TQ1-rich. Fig. 6a shows JV-curves under AM 1.5 illumination of TQ1:PC 70 BM solar cells with active layers spincoated from different solvents, corresponding to the best performing devices. The photovoltaic parameters (mean values AE standard deviations, each from 9 devices) are shown in Table 2 . Without any additives, lms prepared from oDCB yield more efficient devices than those prepared from CB, which is dominantly due to a higher short circuit current density (J SC ) but also because of a slight increase in ll factor (FF). With the addition of 2% CN, devices made from CB and from oDCB both improved in conversion efficiency, due to a large increase in J SC . In the case of the solar cells made from CB, the addition of CN more than doubles the J SC and the PCE reaches 5.5%, without a signicant drop in V OC or FF. Fig. 6b shows the corresponding dark JV-curves of the best performing devices. The series resistance R S is extracted from the high voltage region, while current at the low and reverse bias region is indicative for the leakage current. As can be seen in Table 2 , the series resistance of the solar cells is not signicantly inuenced by the morphology changes. The leakage current in solar cells prepared from solutions containing CN additive is one to two orders of magnitude lower than for the devices prepared without CN.
Discussion
The SIMS depth proles (Fig. 1) show that all the blend lms exhibit an increase in TQ1 concentration at the interface between the active layer and the PS, indicating that a TQ1-rich surface layer is formed during spincoating at the free surface in all the blend lms. The enrichment of TQ1 at the free surface is consistent with the difference in surface energy between TQ1 (29 mJ m À2 ) and PC 70 BM (39 mJ m À2 ). To minimize the total energy, TQ1, which has the lower surface energy, moves to the surface during the lm formation. Polymer-enrichment at the free surface due to surface energy minimization has previously been reported for several other systems.
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The SIMS depth proles of Si À (m/q ¼ 28) show a steep step for the lms prepared from CB + 2% CN, oDCB and oDCB + 2% CN while the Si-prole for the lm prepared from CB has an onset at a lower depth value and increases gradually. This early onset is due to a higher surface roughness in the lm prepared from CB, as can be seen in the AFM images in Fig. 4 . This roughness is carried on into the lm as it gets sputtered which translates into broad interfaces in dynamic SIMS proles. The actual surface composition (TQ1:PC 70 BM) cannot be reliably deduced from the SIMS depth prole due to variations in detection sensitivities for different elements. The overall depth prole shape is, however, in good agreement with the ellipsometrically deduced prole (Fig. 1c) .
Comparing the NEXAFS spectra of the blend lms (Fig. 3 ) with the spectra of the pristine components (Fig. 2) , the spectra recorded in PEY mode of the blend lms all closely resemble that of pristine TQ1, with the exception of the presence of a shoulder at 284.3 eV, corresponding to the p* resonance of PC 70 BM. Given the surface sensitivity of the PEY measurement, the absence of a strong peak in the NEXAFS blend spectra despite a 1 : 3 TQ1:PC 70 BM blend ratio indicates that far more TQ1 is present at the surface than PC 70 BM; in agreement with the SIMS results. Moreover, the observation that the PC 70 BM p* resonance is more pronounced in the CB blend spectra also shows that the degree of polymer enrichment is affected by the casting solvent. In the NEXAFS spectra of the blends recorded in the less surface sensitive TEY mode the PC 70 BM p* is clearly visible as a separate peak; indicating that the sub-surface, probed by TEY, contains more PC 70 BM than the surface, probed by PEY. In other words, in the rst few nanometers below the surface, a concentration gradient is found for all the blend lms, with higher TQ1 enrichment at the topmost surface than in the subsurface. The quantitative values for the compositions, obtained by tting the blend spectra as linear combinations of the pristine components' spectra, are shown in Table 1 . The deviation between the volume fractions deduced with ellipsometry and NEXAFS is mainly due to the different sensitivities of the two experiments to the surface composition but could also be caused by sample to sample variations (e.g. lm thickness).
From the NEXAFS values, we conclude that the samples prepared with solvent additives are more strongly polymerenriched at the outmost surface than the samples prepared without solvent additives. The different TQ1 surface concentrations could be correlated to the different evaporation rates of the solvents, slowly evaporating solvents allowing the components more time to diffuse. However, effects of the surface roughness cannot be completely excluded. The difference between surface and sub-surface composition for the samples prepared with additives is also larger, indicating a stronger composition gradient.
AFM and STXM images combined show a lateral structure that strongly depends on the casting solvent. The lateral domain structure, observed in AFM and STXM images in the lms prepared from CB and oDCB, consists of PC 70 BM-rich 
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From the device results it is clear that the performance of the ITO/PEDOT:PSS/TQ1:PC 70 BM/LiF/Al solar cells strongly depends on solvent. While the V OC , FF and R S remain largely unaffected by the choice of solvent, the dominant effect is on the J SC . Not unexpectedly, there is a strong correlation between the lateral domain size in the active layer and J SC ; as the domain size decreases the J SC increases. This observation is in agreement with other reports on TQ1:PC 70 BM solar cells 29, 30, 59 and several other polymer:fullerene systems 6, 17, 60, 61 where increased J SC has been attributed to decreased domain sizes, and rationalized by an improved exciton separation and free charge generation at the donor-acceptor interface.
As can be seen by comparing Tables 1 and 2 , the best performing solar cells not only displayed the nest lateral structure, but had also the highest TQ1 enrichment at the free surface. In a simple model of the bulk-heterojunction solar cell operation, one would expect that the charge collection step would benet from having an enrichment of the electronaccepting material (PC 70 BM) at the interface with the low work function (Al/LiF) electrode. All TQ1:PC 70 BM blend lms studied here, however, show enrichment of electron-donating material (TQ1) at the free surface upon which the low work function electrode is deposited when constructing a solar cell. Such a TQ1 surface layer might be expected to act as a barrier for electrons, resulting in higher series resistance and poor charge collection. This is, however, not what we observe. Instead, as can be seen in Table 2 , the photocurrent is higher for devices with high (up to 85%) TQ1 content at the electron-collecting electrode and the series resistance of the solar cells is not signicantly inuenced by the morphology differences.
It has also previously been shown for P3HT:PC 60 BM solar cells, that device performance can be insensitive to surface enrichment of the polymer. 22 Even when a thin (8-9 nm) layer of pure P3HT was deposited on top of the P3HT:PC 60 BM blend lm prior to cathode deposition, the devices were not severely impeded. In the case of the TQ1:PC 70 BM solar cells studied here, the TQ1-rich surface layer below the cathode does not hinder efficient device performance.
Conclusions
A TQ1-rich surface layer is formed at the free surface of spincoated thin lms of TQ1:PC 70 BM blends, due to surface energy minimization. The composition of the surface layer depends on the choice of solvent and additives. The solvent additive CN makes the surface enrichment of TQ1 stronger. The addition of CN also resulted in smooth lms with ne lateral mixing of donor-acceptor molecules and corresponding high efficiency solar cells due to the increased photocurrent compared to the lms with phase separated lateral domain structures prepared without CN additive. The series resistance was unaffected by the morphology. The improved power conversion efficiency of TQ1:PC 70 BM solar cells upon addition of the solvent additive CN correlates with a ner lateral distribution of donor and acceptor molecules in the lm, accompanied by an increased TQ1-enrichment of the surface layer.
